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Full Materials and Methods:  15 
Experimental Design – The planktonic microbial community was sampled at 3-m depth via 16 
diaphragm pump from the sea ice edge in McMurdo Sound, Antarctica on January 15th, 2015 17 
(165°24.7985’E, 77°37.1370’S) from 11:00 - 12:15 using trace metal clean techniques previously 18 
described (1). In-situ water temperature at the time of sampling was -1 °C. The community was 19 
protected from light upon sampling using dark trash bags, stored at 0 °C until 17:00 and then split 20 
into trace-metal cleaned polycarbonate bottles (two 1.1L and one 2.7L per treatment), with and 21 
without iron supplementation at three different temperatures. Bottles were kept at -0.5 ± 0.2 °C, 22 
3 ± 0.5 °C or 6 ± 0.5 °C at constant 65-85 uE m-2 sec-1 irradiance in indoor incubators for a total of 23 
7 days. For iron supplmentation, 2 nM iron was added as Fe(NO3)3 from an ultrapure analytical 24 
standard solution, 1001 mg L-1 in 2% nitric acid. This was diluted to a working stock in pH 2.5 milli 25 
Q water with hydrochloric acid, resulting in a negligible nitrate addition to iron amended bottles.   26 
Metatranscriptome Sampling and Assembly – Four separate metatranscriptome samples were 27 
taken from the initial community, one at the sea ice edge (IE; approximately 2L) and triplicates in 28 
the laboratory during bottle incubation setup (T0, approximately 2L). Subsamples of single 29 
replicates from each experimental treatment were harvested on January 16th (T1) and 30 
subsamples of each replicate (n = 3 for each experimental treatment) were taken again on 31 
January 20th (T5). Each was harvested onto 0.2 μm SterivexTM filters. RNA was extracted and 32 
sequenced via paired end Illumina HiSeq. Total RNA was extracted using Trizol reagent (Thermo 33 
Fisher Scientific). Ribosomal RNA was removed with Ribo-Zero Magnetic kits (Illumina). A mixed 34 
Removal Solution was prepared from plant, bacterial, and human/mouse/rat Removal Solution 35 
at a ratio of 2:1:1. The resulting rRNA subtracted RNA was purified and subjected to amplification 36 
and cDNA synthesis, using the Ovation RNA-Seq System V2 (TECAN). One microgram of the 37 
resulting high-quality cDNA pool was fragmented to a mean length of 200 bp, and libraries were 38 
prepared using Truseq kit (Illumina) from the -repair step in the manufacturers protocol and 39 
subjected to paired-end sequencing via Illumina HiSeq. 40 







  Illumina paired reads were filtered to eliminate primer sequences and quality trimmed to 41 
Phred Q33, and rRNA identified and removed using riboPicker (2) (average 13.5 % rRNA). 42 
Transcript contigs were assembled de novo, in a combined assembly, using CLC Assembly Cell 43 
(http://www.clcbio.com) and ORFs predicted using FragGeneScan (3). Reads were mapped to 44 
ORFs using CLC (73% read mapping), and ORFs were annotated for putative function using hidden 45 
Markov models and BLAST-p against PhyloDB (1). ORFs were filtered to eliminate those with low 46 
mapping coverage (< 50 reads total over all samples), proteins with no BLAST hits, and no known 47 
domains (See Tables S7, S8, S9). The remaining set of ORFs were assigned to chloroplast, 48 
mitochondrial or nuclear origin based on the best BLAST-p hit above e-value 1e-3 to an organism 49 
with known organellular peptide sequences (nuclear by default), and used for further 50 
comparative analysis.  51 
Taxonomic groups of interest were defined (Fig. S2) and each ORF was assigned to a group 52 
based on best LPI taxonomy (1, 4). A total of 64,487 ORFs were assigned to Fragilariopsis and 53 
28,650 ORFs were assigned to Pseudo-nitzschia. Reads per kilobase mapped (RPKM) expression 54 
values for each ORF were calculated and taxon normalized using a normalization factor 55 
representing the summed taxonomic group contribution to total nuclear-assigned reads per 56 
sample. For example, the taxon-normalized expression of an ORF assigned to Fragilariopsis in a 57 
particular library is given as reads mapped to that ORF/ORF length/total Fragilariopsis nuclear 58 
assigned reads in that library. ORFs were clustered into orthologs and protein families using MCL 59 
(5). MCL clustering was run in label mode (parameter -abc), with the default inflation setting 2.0 60 
(parameter -I), on ratios of best BLAST-p bitscore to self-hit bitscore using BLASTALL (e-value: 1e-61 
3). Group normalized cluster (average/total) RPKM expression values were calculated by pooling 62 
the taxon-normalized expression values for each group within a cluster. These taxon-normalized 63 
RPKM values were used to examine gene and cluster abundance. Cluster annotations were 64 
aggregated by annotation type (Kegg, KO, KOG, KOG class, Pfam, TIGRfam, EC, GO) and a single 65 







annotation chosen to represent each cluster based on the lowest Fisher's exact test p-value 66 
(fisher.test in R) given the 2-way contingency table for each annotation coverage of each cluster.  67 
Pseudo-nitzschia BLAST-p analyses: A subset of TFG peptide sequences, assembled from meta-68 
transcriptome sequences and annotated as most-likely from Pseudo-nitzschia (n= 27,420), as 69 
described above, were used in BLAST-p analysis against peptide databases from culture-based 70 
transcriptomes  of several Pseudo-nitzschia species (Table S3). All the peptide matches that 71 
passed an E value threshold of 1E-05 were collected separately for each Pseudo-nitzschia species. 72 
Their distribution profiles in percent identity and the alignment length are summarized in Table 73 
S3. 74 
18S rRNA Sequencing – 1-10 ng of total RNA was used to generate cDNA using the Life 75 
Technologies SuperScript III First Strand Synthesis system with random hexamer primers. The 76 
cDNA was diluted 10-fold and had final concentrations ranging from 10-50 ng/ul. Amplicon 77 
libraries targeting the V9 region of the 18S gene were generated as described here: 78 
https://www.protocols.io/view/amplicon-library-preparation-bmuck6sw. Briefly, cDNA was 79 
amplified via a one-step PCR using the TruFi DNA Polymerase PCR kit (Azura, Raynham, MA, USA). 80 
The 1389F (TTGTACACACCGCCC) and 1510R (CCTTCYGCAGGTTCACCTAC) primer set was used (6). 81 
Each reaction was performed with an initial denaturing step at 95°C for 1 minute followed by 30 82 
cycles of 95°C for 15 seconds, 56°C for 15 seconds, and 72°C for 30 seconds. 2.5 µL of each PCR 83 
reaction was ran on a 1.8% agarose gel confirm amplification. PCR products were purified using 84 
Beckman Coulter AMPure XP beads following the standard 1x PCR clean-up protocol. PCR 85 
quantification was performed in duplicate using Invitrogen Quant-iT PicoGreen dsDNA Assay kit. 86 
Samples were then pooled in equal proportions followed by another 0.8x AMPure XP bead 87 
purification. The Pool was evaluated on an Agilent 2200 TapeStation and quantified with Qubit 88 
HS dsDNA. Sequencing was performed at the University of California, San Diego Sequencing Core 89 
on a single Illumina MiSeq lane (2 x 150bp) with a 15% PhiX spike-in.  90 







Amplicons were analyzed with QIIME2 v2019.4 (7). Briefly, demultiplexed paired-end reads 91 
were trimmed to remove adapter and primer sequences with cutadapt (8). Trimmed reads 92 
were then denoised with DADA2 to produce amplicon sequence variants (ASVs) (9). Each pool 93 
was denoised with DADA2 individually to account for different error profiles in each run. 94 
Taxonomic annotation of ASVs was conducted with the q2-feature-classifier classify-sklearn 95 
naïve-bayes classifier (10, 11) PR2 v4.12.0 (12) for 18S amplicons. 96 
ISIP1 taxonomic re-assignment –  Pseudo-nitzschia and Fragilariopsis ISIP1 genes could not be 97 
differentiated using BLAST-p. Instead, nucleotide ISIP1 sequences were compared to a reference 98 
database of ISIP1 genes from F. cylindrus, F. kergulensis, P. granii, P. heimii, P. multistriata and P. 99 
fraudulenta using BLAST-n. ISIP1 sequences were assigned to Fragilariopsis or Pseudo-nitzschia 100 
based on lowest e-value score. These sequences were then manually placed in clusters and  their 101 
abundance was normalized to each taxon as previously described.  102 
Query for Domoic Acid Biosynthesis (DAB) Genes – BioEdit v7.2 was used to conduct a local 103 
BLAST-p search for DAB genes in our data using Blosum62 similarity matrix. Amino acid query 104 
sequences from Pseudo-nitzschia multiseries DAB-A (GenBank: AYD91073.1), DAB-B (GenBank: 105 
AYD91072.1), DAB-C (GenBank: AYD91075.1) and DAB-D (GenBank: AYD91074.1) (13) were used.  106 
LHC assignments – All Fragilariopsis and Pseudo-nitzschia ORFs annotated as ‘chlorophyll 107 
binding’ or ‘light harvesting proteins’ were selected for further inspection. For Fragilariopsis 108 
LHCs, a BLAST-p was performed against F. cylindrus CCMP1102 and annotations were retrieved 109 
for the top BLAST hit for each amino acid sequence. Pseudo-nitzschia LHC sequences were 110 
identified by comparison with those collected during the annotation of the Pseudo-nitzschia 111 
multiseries CLN-47 genome. The protein sequences of both diatoms were assigned to the Lhcf, 112 
Lhcr, Lhcx or Lhcz groups following a previous diatom LHC classification based on maximum-113 
likelihood phylogenetic trees and published as Supp. Information 11 and Supp. Fig. 20 of Mock 114 
et al. (2017) and in Hippmann et al. (2017) (14, 15). The dominant Lhcf clade was further 115 







subdivided into Lhcf_I, Lhcf_II (diatom-specific), and Lhcf_III groups. PID numbers and the 116 
clusters to which they were assigned (see above) can be found in Table S6. 117 
Plastocyanin Tree – Previously identified plastocyanin sequences were retrieved from MMETSP 118 
(Fragilariopsis kerguelensis_0735, Pseudo-nitzschia heimii_1423, Coscinodiscus wailesii_1066), 119 
JGI (Fragilariopsis cylindrus_272258), NCBI (Thalassiosira oceanica_EJK71623.1), Moreno et al. 120 
2018 (Pseudo-nitzschia subcurvata) (16), and Cohen et al. 2018 (Pseudo-nitzschia granii) (17), and 121 
aligned with plastocyanin sequences from Pseudo-nitzschia and Fragilariopsis in our dataset 122 
using Clustal Omega in SeaView v5.0 (Fig. S8). A maximum-likelihood phylogeny was then 123 
estimated using PhyML with LG model and 100 bootstrap iterations in SeaView v5.0, and the 124 
resulting tree was edited using FigTree v1.4.4. 125 
Nutrient Measurements – Samples from initial (T0) and subsequent time points (T1, T3, T5, and 126 
T7) were collected, passed through a GF/F filter (Whatman; 0.7 μm nominal pore size; combusted 127 
at 450 °C for 2 hours), and filtrate was stored frozen (-40 °C) until further analysis. A Lachat 128 
QuickChem 8500 autoanalyzer was used to measure duplicate concentrations of dissolved 129 
nitrate, phosphate and silicate (detection limit 0.03 μmol N L-1, 0.03 μmol P L-1 and 0.05 μmol Si 130 
L-1; (18)).  Samples for ammonium, collected on T0 and T7, were measured in triplicate on a 131 
Shimadzu UV-1601 spectrophotometer using the manual phenol-hypochlorite method 132 
(detection limit 0.05 μmol N L-1; (19)). 133 
Uptake Measurements – Nitrate and bicarbonate uptakes were assessed using the initial 134 
community (T0) collected from the ice edge and during T1, T3, and T7 of the experiment (Fig. 1 135 
and Fig. S1). Uptake rates were measured using 15N and 13C stable isotope tracer techniques, and 136 
substrates used included 15N-labeled potassium nitrate (K15NO3-; 98%) and 13C-labeled sodium 137 
bicarbonate (NaH13CO3-; 99%; both substrates came from Cambridge Isotope Laboratories, 138 
Andover, MA). Uptake experiments at T0 were done in triplicate using 1 L polyethylene 139 
terephthalate glycol-modified bottles. At T1, T3, and T7 a single replicate of each treatment was 140 
subsampled, and uptake experiments were done in duplicate in 230 mL polycarbonate conical 141 







bottles (all bottles were acid washed with 10% hydrochloric acid and thoroughly rinsed with 142 
ultrapure water).  After tracer level additions (less than 10% of background concentrations) of 143 
15N and 13C-labled substrates were made, bottles were returned to their respective incubators 144 
for approximately 6 hours. Incubations were terminated by filtering microbial communities (> 0.7 145 
μm) onto combusted (450 °C for 4 hours) Whatman GF/F filters. During T0 incubations, two 146 
microbial size fractions (0.7 – 5.0 μm collected on GF/F filters and  > 5.0 μm collected on Sterlitech 147 
silver membrane filters) were added together to represent the > 0.7 μm microbial community. 148 
Filters were kept fozen (-40 °C) inside 1 mL cryo vials until particulate nitrogen and carbon 149 
concentrations and isotopic enrichment of 15N and 13C were measured on a Europa 20/20 isotope 150 
ratio mass spectrometer.  Absolute uptake rates for 15N-labeled nitrate and 13C-labeled 151 
bicarbonate were calculated according to (20, 21) respectively. Nitrate uptake rates were not 152 
corrected for isotope dilution because concentrations of nitrate were greater than 5.5 μmol N L-153 
1 at all time points, and isotope dilution is generally negligible when concentrations are high (22). 154 
Cell Counts – Phytoplankton cell count samples from the initial (T0) and final days (T7) of the 155 
experiment were preserved with 1% glutaraldehyde, stored refrigerated in the dark and later 156 
enumerated in the lab on a Sedgwick Rafter counting chamber using an inverted compound light 157 
microscope (Accu-Scope 3032), as in (23).  All plankton taxa were identified to the lowest 158 
taxonomic level possible according to (24, 25), with special attention to the diatom genera 159 
Fragilariopsis and Pseudo-nitzschia. 160 
Statistical Analysis – We analyzed differential gene expression at T5 within observed taxa to 161 
determine which genes are responsive to Fe and temperature treatments in each group. First, 162 
we normalized reads mapped to each ORF by the abundance of nuclear reads assigned to that 163 
taxonomic group in total, which controls for changes in community composition across 164 
treatments. We then used a generalized linear model with one categorical explanatory variable, 165 
with each category representing a unique experimental treatment. To examine the effect of Fe, 166 
temperature, and their interaction on gene expression, we specified model contrasts. For Fe, we 167 







tested the difference between the sum of coefficient estimates for all Fe treatments, minus the 168 
sum of coefficient estimates for all -Fe treatments. We followed a similar approach for 169 
temperature, where we tested the difference between the sum of coefficient estimates for one 170 
temperature treatment versus another temperature treatment. For both approaches, we divided 171 
these differences by the number of treatments in the sum (i.e. 3 for Fe test and 2 for each 172 
temperature test). To test for statistical significance, we used empirical Bayes quasi-likelihood F-173 
tests (glmQLFTest in edgeR). To examine the interaction between Fe and temperature, we set up 174 
a contrast to compare the difference between +/-Fe treatments at constant temperature, and 175 
then compared this difference to a distinct temperature treatment. The test for a significant 176 
interactive effect is based on the difference of these differences – i.e. is the expression of a gene 177 
to Fe altered due to warming? Throughout, we used a p-value cut off of 0.05 for statistical 178 
significance. 179 
To examine the effects of iron on gene differential expression and fold-change magnitude, -Fe 180 
treatments for all temperatures at T5 (-Fe -0.5 °C, -Fe 3 °C, -Fe 6 °C) were compared to +Fe 181 
treatments for all temperatures at T5 (+Fe -0.5 °C, +Fe 3 °C, +Fe 6 °C). For temperature effect, -182 
0.5 °C was compared to 3 °C at all iron conditions at T5 (+Fe and -Fe at -0.5 °C vs +Fe and -Fe at 3 183 
°C) and -0.5 °C was compared to 6 °C at all iron conditions at T5 (+Fe and -Fe at -0.5 °C  vs +Fe and 184 
-Fe at 6 °C). For a gene to be considered upregulated with temperature, it had to be upregulated 185 
in both -0.5 °C vs 3 °C and -0.5 °C vs 6 °C (same rule applied for down regulation). If a gene is 186 
upregulated in one temperature comparison and downregulated in the other, it was not 187 
considered differentially expressed. Fold-change for temperature effect was calculated from -0.5 188 
°C (+Fe and -Fe) vs 6 °C (+Fe and -Fe). 189 
K.O. term enrichment analysis was performed on significantly upregulated (enriched) and 190 
downregulated (depleted) ORFs separately using KEGG enrichment functions in the GOstats R 191 
package (26). A hypergeometric distribution test was used to test for significant enrichment and 192 







depletion at p < 0.05. K.O. terms associated with less than 10 ORFs  were excluded from the 193 
results.   194 
Supplemental Results and Discussion: 195 
Cobalamin Metabolism – Exogenous vitamin B12 (cobalamin) acts as a cofactor in the cobalamin-196 
requiring methionine synthase enzyme (MetH) found in all diatoms to synthesize the essential 197 
amino acid methionine and facilitate one-carbon metabolism (27). Under low cobalamin 198 
availability, however, certain diatoms including Fragilariopsis but not Pseudo-nitzschia, are 199 
capable of synthesizing methionine from homocysteine using a less efficient cobalamin-200 
independent methionine synthase (MetE) (27, 28). Diatoms also upregulate CBA1, a cobalamin 201 
acquisition related protein, under cobalamin deprivation (27, 28). Following the initial 24-hour 202 
incubation period, CBA1 and MetH were upregulated in Pseudo-nitzschia after warming at 6 °C 203 
(Fig. S7), but were not significantly influenced by iron or temperature following 5-day incubations 204 
(Fig. 3; S7).  In contrast, MetE and CBA1 transcripts were significantly upregulated in Fragilariopsis 205 
following iron additions after 5-day incubations (Fig. 3; S7), suggesting rearranged metabolism to 206 
cope with cobalamin deprivation that likely emerged in response to iron addition (1). 207 
Rapid cobalamin uptake by Pseudo-nitzschia, facilitated by upregulation of CBA1 after 24 208 
hours, may give it a competitive advantage when cobalamin is available. However, the ability of 209 
Pseudo-nitzschia to maintain vigorous growth without significantly elevating CBA1 expression 210 
after 5 days is notable, and suggests that these two diatoms may employ different strategies to 211 
cope with low cobalamin availability. Fragilariopsis appears to reduce cobalamin demand 212 
through the use of MetE while increasing investment in acquisition with CBA1. In contrast, 213 
Pseudo-nitzschia may 1) have a MetH enzyme that is more efficient at elevated temperatures 214 
compared to Fragilariopsis,  2) employ salvage and repair of degraded cobalamin complexes (17) 215 
or 3) rely on bacteria in close physical association for cobalamin supply. Our data show that the 216 
overall expression of genes encoding cobalamin salvage and remodeling proteins were not 217 
influenced by iron status or temperature in Pseudo-nitzschia (Fig. S7), despite previous evidence 218 







of their upregulation with iron addition in North Pacific diatoms including P. granii (17, 29). 219 
Further work comparing cobalamin uptake and methionine synthase kinetics between Pseudo-220 
nitzschia and Fragilariopsis, and examining their relationships with cobalamin producing and 221 
consuming bacteria, could provide further insight into how these taxa cope with episodic 222 



















Figure S1 – A-D) Dissolved nutrient concentrations prior to incubations (day 0), and after 1, 3, 5 235 
and 7 days of incubation with and without added iron at -0.5, 3, and 6 °C. Each point represents 236 
a mean value, where n = 2 on day 1, and n=3 on days 0, 3, 5, 7. In A-J, error bars represent ± 1 237 
SD, and fall within the bounds of the symbol when not visible. E,F) Nitrate and bicarbonate uptake 238 
rates prior to incubations (day 0), and after 1, 3, and 7 days of incubation with and without added 239 
iron at -0.5, 3, and 6 °C. Each point represents a mean value, where n = 2 on days 1, 3, 7 and n = 240 
3 on day 0. G) Dissolved nitrogen (nitrate + ammonium) : phosphate drawdown ratio at T7. Draw 241 
down is calculated as the difference in concentration between T7 and T0.  242 








Figure S2 – Triplicate cell count measurements of initial (T0) samples and after 7-day incubations 244 
with and without iron addition at -0.5, 3 and 6 °C. Cells from the various taxonomic groups were 245 
counted and identified using light microscopy. The large variation in Phaeocystis cell counts at T0 246 
could have resulted from difficulties in enumeration of colonial and single cell forms in the 247 
samples, and variability in colony abundance and size in the relatively small-volume samples used 248 
for microscopic cell counts.    249 
 250 








Figure S3 – Number of significantly differentially expressed open reading frames (ORFs) 252 
belonging to the 30 taxonomic groups identified in the metatranscriptome dataset. Red = 253 
upregulation, blue = downregulation. Differential taxon-normalized expression was calculated 254 
using the quasi likelihood test (glmQLFTest) in EdgeR, and p-value cut-off of 0.05 was used for 255 
statistical significance. Iron-related DE represents differential expression patterns observed with 256 
and without iron addition at T5, temperature-related DE represents differential expression 257 
patterns observed due to warming at T5, Iron-Temperature-related DE represents interactive 258 














Figure S4 – KEGG Orthology (K.O.) term enrichment analysis using all Fragilariopsis ORFs that 266 
were annotated with a K.O. number. Black squares correspond to ‘C’ level annotations that were 267 
significantly (p <0.05) upregulated (Enriched) and/or downregulated (Depleted) at T5 by 268 
temperature increase or iron addition. Circles correspond to the individual ORFs used in the 269 
analysis for each annotation. Black circles represent statistically significant (p <0.05) up or down 270 
regulated ORFs (positive and negative Log2 fold-change values, respectively). Temperature fold 271 
change was calculated using -0.5 °C vs 6 °C treatments. Iron fold-change was calculated using -Fe 272 
vs +Fe treatments at all temperatures (Methods).  273 








Figure S5 – KEGG Orthology (K.O.) term enrichment analysis using all Pseudo-nitzschia ORFs that 275 
were annotated with a K.O. number. Black squares correspond to ‘C’ level annotations that were 276 
significantly (p <0.05) upregulated (Enriched) and/or downregulated (Depleted) at T5 by 277 
temperature increase or iron addition. Circles correspond to the individual ORFs used in the 278 
analysis for each annotation. Black circles represent statistically significant (p <0.05) up or down 279 
regulated ORFs (positive and negative Log2 fold-change values, respectively). Temperature fold-280 
change was calculated using -0.5 °C vs 6 °C treatments. Iron fold-change was calculated using -Fe 281 
vs +Fe treatments at all temperatures (Methods).  282 








Figure S6 – A) Phylogenetic tree of the plastocyanin sequences (ORFs) comprising the 284 
plastocyanin MCL cluster from both Pseudo-nitzschia (red) and Fragilariopsis (black). Non-285 
highlighted branch tips represent ORFs in our dataset, with corresponding point size representing 286 
mean taxon-normalized ORF expression. Highlighted branch tip labels represent previously 287 
identified plastocyanin sequences retrieved from the MMETSP dataset (Fragilariopsis 288 
kerguelensis_0735, Pseudo-nitzschia heimii_1423, Coscinodiscus wailesii_1066), JGI 289 
(Fragilariopsis cylindrus_272258), NCBI (Thalassiosira oceanica_EJK71623.1), Cohen et al. 2018 290 
(Pseudo-nitzschia granii) (17), and Moreno et al. 2018 (Pseudo-nitzschia subcurvata) (18).  B)   291 
Heatmaps of MCL clusters representing and plastocyanin (cluster_1820) in Pseudo-nitzschia and 292 
Fragilariopsis measured after 24 hours (T1) and 5 days (T5) of incubation under the various iron 293 
and temperature treatments. I.E represents ice edge samples, T0 represents in-situ samples 294 
before any incubations. Each block is one biological replicate measurement. Black-filled up/down 295 
pointing triangles represent transcripts that were significantly (glmQLFTest-EdgeR p <0.05) up or 296 
down regulated due to warming at T5. 297 
 298 








Figure S7 – Heatmaps of MCL clusters involved in B12 metabolism in Fragilariopsis and Pseudo-300 
nitzschia measured after 24 hours or 5 days of incubation under various iron and temperature 301 
treatments. I.E represents ice edge samples, T0 represents in-situ samples processed in the 302 
laboratory before any incubations and each block is one biological replicate measurement. CBA1: 303 
cobalamin acquisition protein 1; MetH: cobalamin-requiring methionine synthase; MetE: 304 
cobalamin-independent methionine synthase; CobT, CobN: cobaltochelatase; BluB: gene involved 305 
in DMB production; CobB/CobQ: cobyrinic acid a,c-diamide synthase/ adenosylcobyric acid 306 
synthase. Open triangles represent clusters that were significantly (glmQLFTest-EdgeR p <0.05) 307 
up regulated due to iron addition at T5. Black-filled triangles represent clusters that were 308 
significantly (glmQLFTest-EdgeR p <0.05) down regulated due to warming at T5.  309 
 310 
 311 








Figure S8 – Alignment of Pseudo-nitzschia and Fragilariopsis plastocyanin sequences from our 313 
metatranscriptome data and previously identified plastocyanin sequences retrieved from the 314 
MMETSP dataset (Fragilariopsis kerguelensis_0735, Pseudo-nitzschia heimii_1423, Coscinodiscus 315 
wailesii_1066), JGI (Fragilariopsis cylindrus_272258), NCBI (Thalassiosira oceanica_EJK71623.1), 316 
Cohen et al. 2018 (Pseudo-nitzschia granii) (17), and Moreno et al. 2018 (Pseudo-nitzschia 317 
subcurvata) (16). The alignment was conducted using Clustal Omega in SeaView v5.0. and was 318 
used to construct the maximum-likelihood phylogenetic tree for plastocyanin in Fig. S6.  319 
 320 
 321 








Figure S9 – Schematic representations of Pseudo-nitzschia and Fragilariopsis cells showing cellular processes, with 323 
each process comprised of several protein clusters (MCL clusters). Lhcf = light harvesting complexes-f, OEC = oxygen 324 
evolving complex, Cyt B6f complex = cytochrome b6f complex, PCYN = plastocyanin, Cyt c6 = cytochrome c6, NRT = 325 
nitrate transporter, NR = nitrate reductase, NiT = nitrite transporter, NiR = nitrite reductase, AMT = ammonium 326 
transporter, GOGAT = glutamine oxoglutarate aminotransferase cycle, ISIP = iron starvation induced protein. Each 327 
row in a heatmap represents one Markov cluster (MCL), each column represents a temperature and iron treatment 328 
at T5 with each block representing one biological replicate. Heatmaps were constructed using taxon-normalized 329 
RPKM values. Empty heatmap placeholders represent clusters found in Fragilariopsis but not Pseudo-nitzschia. 330 
Arrows represent energy/electron flow in photosynthetic light reactions, and steps involved in nitrogen assimilation 331 
using nitrate or ammonium.  332 










Figure S10. Interactive iron-temperature effect on differential expression (DE) of various clusters. 336 
Differential expression was calculated using the quasi-likelihood test (glmQLFTest) in EdgeR and 337 
fold-change was calculated for iron-effect at -0.5 °C vs iron-effect at 6 °C treatments at T5. 338 
Positive and negative Log2 fold change values represent up and down regulation, respectively. 339 
Filled circles are clusters with statistically significant DE (adjusted p-value <0.05). Point size 340 














Table S1 – Projected changes in sea surface temperature and iron availability in the Southern 348 
Ocean.  349 
 Temperature Iron 
2100 • +1.5 – 2 °C  (27, 28) 
• +0.5 – 1.5 °C (29) 
 
• + 0.01 nM m-1(upwelled water) day -1 (28) 
• -0.002 – -0.006 nM (29) 



























Table S2 – Top ten BLAST-n search results against NCBI’s nr/nt database for both Pseudo-nitzschia 369 
and Fragilariopsis 18S rRNA query sequences. UE = Uncultured Eukaryote.  370 
18S rRNA sequence Matched Taxa Query Cover E-Value % Identity Accession 
      
Pseudo-nitzschia  P. subcurvata 100% 1e-59 100% KX253952.1 
 UE 100% 1e-59 100% KJ758369.1 
 UE 100% 1e-59 100% KJ758245.1 
 Pseudo-nitzschia sp.  100% 1e-59 100% GU373970.1 
 UE 100% 1e-59 100% AY672814.1 
 UE 100% 1e-58 99.23% HM581774.1 
 P. seriata 100% 1e-58 99.23% GU373969.1 
 P. cupsidata 100% 1e-51 96.15% JN091719.1 
 P. lineola 100% 1e-51 96.15% JN091717.1 
 P. turgidula 100% 1e-51 96.15% FJ222752.1 
      
Fragilariopsis F. cylindrus  100% 1e-59 100% LC189084.1 
 UE 100% 1e-59 100% KJ758397.1 
 UE 100% 1e-59 100% KJ758375.1 
 UE 100% 1e-59 100% KJ758350.1 
 UE 100% 1e-59 100% KJ758343.1 
 UE 100% 1e-59 100% KJ758332.1 
 UE 100% 1e-59 100% KJ758252.1 
 UE 100% 1e-59 100% KJ758212.1 
 UE 100% 1e-59 100% KJ758191.1 
 UE 100% 1e-59 100% KJ758103.1 
*Pseudo-nitzschia 18S rRNA nucleotide query sequence: 371 
GTCGCACCTACCGATTGAATGGTCCGGTGAAGCCTCGGGATTGTGGCTGGTTTCCTTTATTGGAATCTGACCACGA372 
GAACCTGTCTAAACCTTATCATTTAGAGGAAGGTGAAGTCGTAACAAGGTTTCC 373 
















Table S3 – Summary statistics for BLAST-p analyses comparing Pseudo-nitzschia peptide 383 
sequences from this study and Pseudo-nitzschia peptides from various publicly available culture-384 
based transcriptomes. Summary statistics include: number of sequences with better than E = 1E-385 
5 (of the n= 27,420 peptide sequences queried), their match identities and their alignment 386 
lengths (1st Quartile, Median, Mean, and 3rd Quartile). Results from Pseudo-nitzschia subcurvata 387 





















Qu. Median Mean 
3rd 
Qu. 
Pseudo-nitzschia arenysensis 23588 56.25 69.58 68.1 81.44 123 195 197 270 
Pseudo-nitzschia australis Strain 10249 10AB 21615 51.52 65.9 64.5 78.43 122 193 198 269 
Pseudo-nitzschia delicatissima B596 23087 56.02 70 68 81.51 126 198 199 272 
Pseudo-nitzschia delicatissima Strain UNC1205 20019 55.98 71.17 68.4 82.58 110 175 181 247 
Pseudo-nitzschia fraudulenta Strain WWA7 20896 51.82 67.63 65.8 80.83 117 185 190 261 
Pseudo-nitzschia granii 12444 55.28 85.71 75.3 94.82 69 98 110 138 
Pseudo-nitzschia heimii Strain UNC1101 22041 53.76 68.28 66.4 80.49 122 193 197 270 
Pseudo-nitzschia multiseries 22510 55.47 69.28 67.5 81.18 108 173 181 249 
Pseudo-nitzschia pungens 22333 51.52 65.53 64.5 78.28 116 188 193 268 
Pseudo-nitzschia pungens cf. cingulata 21727 50.41 64.67 63.8 77.83 121 193 197 271 
Pseudo-nitzschia subcurvata (Moreno et al 2017) 24647 93.47 98.44 90.4 99.57 119 179 188 255 







Table S4 – BLAST-p search results for sequences encoding domoic acid biosynthesis proteins 400 
(DabA, B, C, D) retrieved from GenBank, against all ORFs from this study. No matches were found 401 
for DabA and DabB encoding genes and no significant eukaryotic matches were found for DabC 402 
encoding genes. Score and e-values were calculated using the Blosum62 similarity matrix.  E-value 403 
1e-30 was used as the cut-off for DabD results. These DabD results are further explored in Table 404 
S5. 405 








- - - - - 
      
DAB-B  
AYD91072.1 
- - - - - 












2OG-Fe(II) oxygenase family 
 contig_1174518_67_906_+ 61 6e-010 Alteromonadales 2OG-Fe(II) oxygenase family 
 contig_732674_1_798_- 56 9e-008 Alteromonadales 2OG-Fe(II) oxygenase family 
 contig_633551_118_1041_+ 56 9e-008 Flavobacteria 2OG-Fe(II) oxygenase family 
 contig_627399_1_787_- 54 5e-007 Cyanobacteria 2OG-Fe(II) oxygenase family 
 contig_1862_1_732_- 54 5e-007 Other Bacteria 2OG-Fe(II) oxygenase family 
 contig_660976_1_1043_+ 52 2e-006 Other Stramenopiles 2OG-Fe(II) oxygenase family 
 contig_253357_26_973_+ 52 2e-006 Flavobacteria 2OG-Fe(II) oxygenase family 
      












Cyt P450, CYP4/CYP19/CYP26 
 contig_625510_955_1881_-                                               225 6e-059 Pseudo-nitzschia Cyt P450, CYP4/CYP19/CYP26 
 contig_82244_85_1023_+                                                 156 5e-038 Fragilariopsis Cyt P450, CYP4/CYP19/CYP26 
 contig_596040_947_1648_-                                               152 9e-037 Fragilariopsis Cyt P450, CYP4X1 
 contig_82244_1395_1877_+                                               145 7e-035 Fragilariopsis Cyt P450 
 contig_680152_23_630_-                                                 132 6e-031 Cyanobacteria Cyt P450 














Table S5 – Reciprocal BLAST-p search results for ORFs with similarity to DabD-encoding genes 412 
(Table S4) against NCBI’s nr database. 413 







contig_596040_24_938_-                                             
- Cytochrome P450 


























contig_625510_955_1881_-                                               
- Cytochrome P450 
- DabD 


























contig_82244_85_1023_+                                                 




























contig_596040_947_1648_-                                               




























contig_82244_1395_1877_+                                               
- Cytochrome P450 
- Hypothetical protein 
- DabD 

























contig_680152_23_630_-                                                 
- TPA: cytochrome P450 
- Hypothetical protein 
- Cytochrome P450 

























contig_1109498_1_752_-                                                 
- Cytochrome P450 
- DabD 































Table S6 – Protein ID (PID) assignments for ORFs in the various Pseudo-nitzschia spp. and 416 
Fragilariopsis spp. light harvesting complex (LHC) clusters. PIDs were assigned by performing a 417 
BLAST-p search against Pseudo-nitzschia multiseries (CLN-47) and Fragilariopsis cylindrus (CCMP 418 
1102). LHC groups were assigned based on previous diatom LHC classifications in Mock et al. 2017 419 
(Supp.Info.11) and Hippmann et al. 2017 (14, 15). 420 
Cluster Pseudo-nitzschia PID Fragilariopsis PID LHC Group 
clust_1044 258347, 261276 169285, 205888 
 
Lhcf_III 
clust_1084 247179, 263274 195639, 261294 
 
Lhcr 




clust_1236 41763, 197371, 302398, 
310027 
 
170761, 174589, 269349, 
269868, 271557 
Lhcf_I 
clust_1787 238335, 257821 188478, 271659 
 
Lhcx 
clust_1938 318557 270184 
 
Lhcr 
clust_2256 66239, 238335 269313, 272562 
 
Lhcx 
clust_2549 307175 273003, 271559 
 
Lhcr 
clust_3219 301726 270606 
 
Lhcr 
clust_3282 307174 271561, 273005 
 
Lhcf_II 
clust_332 257565, 306047, 306447 267329, 271330, 271332 
 
Lhcf_I 
clust_3363 264176 260998 
 
Lhcr 
clust_3551 325841 210115, 213124 
 
Lhcr 
clust_402 191001, 300768, 303201, 
304112, 305325, 307376 
267576, 267702, 267837, 
268624, 269543, 269567 
 
Lhcf_I 
clust_646 14959, 178030, 234364, 
318210 




clust_712 66239, 264022, 307174 218498, 271659, 272024 
 
Lhcx 
clust_80 191001, 255698, 300768, 
300769, 303058, 303201, 
305325, 305720, 307376 
143190, 174589, 207327, 
267576, 271931, 268626 
 
Lhcf_I 







Table S7 – Summary statistics for both assembled contigs and predicted ORFs for all replicates 421 
and treatments combined. 422 
Assembly  Assembled Contigs  Predicted ORFs from contigs 
# contigs (≥ 0 bp) 1315493 2265230 
# contigs (≥ 1000 bp) 233450 26705 
# contigs (≥ 5000 bp) 1445 0 
# contigs (≥ 10000 bp) 106 0 
# contigs (≥ 25000 bp) 3 0 
# contigs (≥ 50000 bp) 0 0 
   
Total length (≥ 0 bp) 937746248 689493243 
Total length (≥1000 bp) 359162487 29719929 
Total length (≥ 5000 bp) 9769226 0 
Total length (≥ 10000 bp) 1394315 0 
Total length (≥ 25000 bp) 84630 0 
Total length (≥ 50000 bp) 0 0 
   
# contigs 795370 384770 
Largest contig 33111 3999 
Total length 754213377 276614610 
GC (%) 43.32 45.72 
N50 969 732 
N75 710 600 
L50 251690 153883 
L75 480396 258428 
# N's per 100 kbp 91.56 4.23 
# contigs (≥ x bp): total number of contigs of length ≥ x bp.  423 
Total length (≥ x bp): total number of bases in contigs of length ≥ x bp. 424 
# contigs: total number of contigs in the assembly for contigs size ≥ 500 bp. 425 
Largest contig is the length of the longest contigs in the assembly. 426 
Total length is the total number of bases in the assembly for using contigs size ≥ 500 bp. 427 
GC (%): total number of G and C nucleotides in the assembly, divided by the total length of the assembly. 428 
N50: length for which the collection of all contigs of that length or longer covers at least half (50%) the 429 
total base content of the Assembly. It serves as a median value for assessing whether the Assembly is 430 
balanced towards longer contigs (higher N50) or shorter contigs (lower N50). N75 is used for the same 431 
purpose but the length is set at 75% of total base content instead of 50%. 432 
L50: number of contigs equal to or longer than the N50 length. In other words, L50, is the minimal number 433 
of contigs that contain half the total base content of the Assembly. L75 is used for the same purpose in 434 
reference to the N75 length. 435 
# N's per 100 kbp: average number of uncalled bases per 100,000 assembly bases. 436 
 437 







Table S8 – Total number of raw and trimmed reads, mRNA and rRNA contribution to the trimmed 438 
reads, number of mapped mRNA reads, and total number of predicted ORFs for all individual 439 












Reads # ORFs 
Ice Edge 28492536 27232733 25443952 1788781 6.6% 18226962 71.6% 826190 
T0_A 45575920 38947343 33358200 5589143 14.4% 23296503 69.8% 852002 
T0_B 19375404 17965033 15308130 2656903 14.8% 10733771 70.1% 577573 
T0_C 46579930 38952747 28025278 10927469 28.1% 20712096 73.9% 638446 
T1_-Fe_-0.5 °C 21205314 19401307 17366099 2035208 10.5% 12812358 73.8% 576148 
T1_+Fe_-0.5 °C 38041776 35740347 32575458 3164889 8.9% 23588683 72.4% 1025062 
T1_-Fe_3 °C 35349994 32732641 28188283 4544358 13.9% 20572627 73.0% 916171 
T1_+Fe_3 °C 34477352 33059336 29594763 3464573 10.5% 21540022 72.8% 1008607 
T1_-Fe_6 °C 32027512 30406112 26596077 3810035 12.5% 18668646 70.2% 887919 
T1_+Fe_6 °C 29129438 27409840 23359243 4050597 14.8% 17033876 72.9% 825869 
T5_-Fe_-0.5 °C_A 37671290 33464510 28737672 4726838 14.1% 20375592 70.9% 986301 
T5_-Fe_-0.5 °C_B 30654564 29139435 26199569 2939866 10.1% 18903422 72.2% 1031680 
T5_-Fe_-0.5 °C_C 40290894 36930817 32542651 4388166 11.9% 23560702 72.4% 1128714 
T5_+Fe_-0.5 °C_A 39948682 38527552 34406982 4120570 10.7% 25220490 73.3% 1080944 
T5_+Fe_-0.5 °C_B 38691956 35399483 29137122 6262361 17.7% 21608015 74.2% 1003994 
T5_+Fe_-0.5 °C_C 36287660 34523817 30608808 3915009 11.3% 22940050 75.0% 1013086 
T5_-Fe_3 °C_A 34696294 33814638 30373744 3440894 10.2% 22017380 72.5% 1161828 
T5_-Fe_3 °C_B 31585290 30088753 27450391 2638362 8.8% 19637249 71.5% 1084754 
T5_-Fe_3 °C_C 35546072 32177978 27306946 4871032 15.1% 18999285 69.6% 853823 
T5_+Fe_3 °C_A 28153060 26415130 24099272 2315858 8.8% 17773329 73.8% 803545 
T5_+Fe_3 °C_B 46637782 41924346 34537148 7387198 17.6% 26251536 76.0% 975259 
T5_+Fe_3 °C_C 22038026 20474922 17797508 2677414 13.1% 13314623 74.8% 636362 
T5_-Fe_6 °C_A 34470852 32034859 28986089 3048770 9.5% 21576040 74.4% 954425 
T5_-Fe_6 °C_B 28342516 27016685 22841677 4175008 15.5% 16929366 74.1% 692317 
T5_-Fe_6 °C_C 35887516 35118299 28397352 6720947 19.1% 20889743 73.6% 971567 
T5_+Fe_6 °C_A 31556152 29705369 26100052 3605317 12.1% 19817298 75.9% 733987 
T5_+Fe_6 °C_B 40514850 38946408 35004303 3942105 10.1% 26683763 76.2% 971080 
T5_+Fe_6 °C_C 24900074 23356091 19248203 4107888 17.6% 14118461 73.4% 647783 







Table S9 – Number of reads assigned to Fragilariopsis and Pseudo-nitzschia for all treatments and 443 
replicates.   444 
Treatment  Fragilariopsis Pseudo-nitzschia 
Ice Edge 604153 149926 
T0_A 792326 265315 
T0_B 324368 87393 
T0_C 444067 132386 
T1_-Fe_-0.5 °C 525883 141403 
T1_+Fe_-0.5 °C 1389023 422961 
T1_-Fe_3 °C 1032805 285845 
T1_+Fe_3 °C 1298385 452981 
T1_-Fe_3 °C 1270679 501788 
T1_+Fe_3 °C 896978 305966 
T5_-Fe_-0.5 °C_A 2366719 872030 
T5_-Fe_-0.5 °C_B 1783721 642148 
T5_-Fe_-0.5 °C_C 2192675 875719 
T5_+Fe_-0.5 °C_A 2618615 833378 
T5_+Fe_-0.5 °C_B 2381675 694578 
T5_+Fe_-0.5 °C_C 3172422 1140824 
T5_-Fe_3 °C_A 2433791 1503958 
T5_-Fe_3 °C_B 1871392 1150238 
T5_-Fe_3 °C_C 1348818 715756 
T5_+Fe_3 °C_A 2531661 1003347 
T5_+Fe_3 °C_B 3390565 1619939 
T5_+Fe_3 °C_C 2199219 909139 
T5_-Fe_6 °C_A 2406422 2404759 
T5_-Fe_6 °C_B 2216364 2339347 
T5_-Fe_6 °C_C 3528660 2814964 
T5_+Fe_6 °C_A 2772000 1577368 
T5_+Fe_6 °C_B 4251421 2819891 
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